Abstract A principal component decomposition of monthly sea surface temperature (SST) variability in the tropical Pacific Ocean demonstrates that nearly all of the linear trends during 1950-2010 are found in two leading patterns. The first SST pattern is strongly related to the canonical El Niño-Southern Oscillation (ENSO) pattern. The second pattern shares characteristics with the first pattern and its existence solely depends on the presence of linear trends across the tropical Pacific Ocean. The decomposition also uncovers a third pattern, often referred to as ENSO Modoki, but the linear trend is small and dataset dependent over the full 61-year record and is insignificant within each season. ENSO Modoki is also reflected in the equatorial zonal SST gradient between the Niño-4 region, located in the west-central Pacific, and the Niño-3 region in the eastern Pacific.
Introduction
Over the last century, sea surface temperature (SST) trends are generally positive across the global ocean, with the exception of negative trends in the far northern Atlantic Ocean (Deser et al. 2010a) . SST trends in the equatorial Pacific Ocean are especially controversial due to the discrepancy in the sign of the trend in the central and eastern Pacific among various SST datasets (Vecchi et al. 2008; Karnauskas et al. 2009; Deser et al. 2010a ). However, the disparity in trend largely arises from the coverage and quality of in situ observations in the centennial record, particularly during the early decades of the twentieth century (Deser et al. 2010a; Giese et al. 2010) . Identifying and understanding the strength and pattern of trends in SSTs is especially critical if the trends induce, or reflect, changes in the atmospheric circulation and convection. The interplay between the ocean and the atmosphere is most pronounced in the global tropics due to the first order approximation between warm SSTs and the enhancement of deep convection (Back and Bretherton 2009; Johnson and Xie 2010) .
Recently, several studies have identified a potential SST trend during El Niño-Southern Oscillation (ENSO) events, which is the leading coupled ocean-atmosphere mode of the tropical Pacific with significant global impacts Halpert 1987, 1989; Halpert and Ropelewski 1992) . In particular, Yeh et al. (2009) , Ashok and Yamagata (2009) , McPhaden (2010), and McPhaden et al. (2011) indicated that there is evidence for the increasing occurrence and intensity of ''El Niño Modoki,'' which is potentially, but not conclusively, attributable to global warming. Canonical El Niño events are distinguished by above-average equatorial SSTs across the central and eastern Pacific Ocean, often with greatest amplitude in the eastern Pacific (Rasmusson and Carpenter 1982; Deser and Wallace 1990) . In contrast, El Niño Modoki is the term first adopted by Ashok et al. (2007) to characterize a secondary pattern of tropical Pacific SST variability, which is described by a zonal SST anomaly dipole across the equatorial Pacific Ocean. While the increasing trend has been associated with only El Niño events (i.e., above-average SSTs in the central Pacific and below-average SSTs in the eastern Pacific), there is also evidence for a La Niña Modoki pattern (Ashok et al. 2007; Yu and Kim 2011) , although there is some dispute over whether La Niña Modoki events are truly spatially distinct from other La Niña events ). Even though SST observations imply El Niño Modoki events are increasing in the recent record, 1000 year integrations of a statistical-based Linear Inverse Model (Newman et al. 2011 ) and a fully coupled general circulation model (Yeh et al. 2011) indicate that the recent increased occurrence of El Niño Modoki events may not be distinct from natural, low-frequency variability.
Irrespective of the potential SST trends, there remains considerable debate over whether ENSO Modoki represents a unique climate mode that is separate from the ENSO phenomenon. Ashok et al. (2007) , Kao and Yu (2009), and Kug et al. (2009) document distinctive characteristics associated with Modoki, or central Pacific warm events that are not replicated during more canonical, eastern Pacific ENSO events. Hu et al. (2012) proposed the location and strength of antecedent tropical wind anomalies influences air-sea interaction over the cold tongue and the oceanic thermocline, favoring the development of either a central Pacific or eastern Pacific El Niño. Conversely, others hypothesize that ENSO Modoki is a statistical artifact that arises as a leading mode due to the nonlinearity between El Niño and La Niña (e.g., Monahan and Dai 2004) . This notion is supported by the Modoki-like pattern that arises from the summation of El Niño and La Niña SST composites, which is due to larger eastern Pacific SST anomalies during El Niño relative to La Niña (Hoerling et al. 1997) . Recently, Takahashi et al. (2011) argued that ENSO events can be described by the superposition of two independent indices representing central and eastern Pacific ENSO variability.
Regardless of whether ENSO Modoki is physically distinct from canonical ENSO events, warming occasionally is mostly restricted to the central Pacific during wintertime El Niño events and this can have implications for expected extratropical impacts. These different ''flavors'' of ENSO (Trenberth and Stepaniak 2001) and their corresponding forcing onto the tropical atmosphere is related to the longitudinal extent of warm SSTs in the equatorial Pacific. Hoerling and Kumar (2002) showed that weaker, central Pacific El Niño events are linked to a westward shift of the anomalous trough-ridge axis located in the Gulf of Alaska. While the sample size limits significance, it appears that the shift in circulation modifies the downstream impacts of temperature and precipitation anomalies over the United States (Larkin and Harrison 2005a, b; Hu et al. 2012) . The notion that the strength and spatial structure of the SST anomalies modify tropical-extratropical impacts motivates a greater understanding of trends in SSTs related to ENSO (e.g., Kumar et al. 2010) .
The purpose of this paper is to understand the linear trends in association with the leading patterns of tropical Pacific SST variability and in key SST regions of the tropical Pacific during 1950-2010. Because of prior work indicating a positive trend in the El Niño Modoki, the significance of this pattern and the zonal gradient of equatorial Pacific SSTs is closely examined. Because of limited data coverage prior to the Second World War, we elected to not use the full SST datasets that begin in the nineteenth century. While centennial trends are not assessed here, we note that using a reduced period results in more consistent linear trends in SSTs over the 61-year record ( Fig. 1) , which are significantly positive throughout the tropical Pacific Ocean. Other papers (e.g., Falvey and Garreaud 2009) have used an even shorter record with different trends, but we would like to minimize the potential influence of decadal variability on the secular trend. Section 2 documents the datasets and methods used in this study. Section 3.1 describes the four leading patterns of interannual, tropical SST variability and their time series. Section 3.2 examines the linear trends in the time series of the leading tropical patterns and also in the Niño SST regions of the equatorial Pacific Ocean. Section 3.3 assesses the co-variability and linear trends in the zonal gradient of equatorial Pacific SSTs (between Niño-4 and Niño-3) and the corresponding tropical Pacific SST trend pattern during significant seasons. Finally Sect. 4 summarizes the results and discusses future avenues to investigate.
Data and methods
Three monthly averaged sea surface temperature (SST) datasets with coverage in the tropical Pacific Ocean are analyzed in this study. The gridded 2°9 2°NOAA Extended Reconstructed SST dataset (ERSST.v3b; Smith et al. 2008 ) includes in situ data (ships and buoys), but does not include satellite data. The gridded 1°9 1°Met Office Hadley Sea Ice and SST dataset (HadISST1; Rayner et al. 2003) includes both in situ and available satellite data. The gridded 1°9 1°NOAA Optimal Interpolation SST (OISST.v2; Reynolds et al. 2002) incorporates in situ and satellite data, but unlike the other two SST datasets, it is only available in the recent period from November 1981 to the present. Both HadISST1 and ERSST.v3b are available from the mid-to-late 1800s, but only monthly data from 1950 to 2010 was considered in this study. Prior to the satellite era, SST datasets rely heavily on the International Comprehensive Ocean-Atmosphere Data Set (ICOADS), whose coverage of in situ observations begins to sharply increase around 1950, after the Second World War, but remains relatively data sparse in the tropical Pacific Ocean (see Figure 3 from Deser et al. 2010b) . Therefore, the SST datasets employ a range of statistical procedures in order to fill gaps in the observing record and to resolve various inhomogeneities. In the recent decades, the coverage of tropical Pacific SSTs observations has improved due to the inclusion of satellite data since the early 1980s and the installation of the Tropical Atmosphere Ocean (TAO) moorings by the mid 1990s. From these SST datasets, the time series of three established SST regions are calculated, which are commonly used to monitor and predict ENSO. The domains of these SST regions are averaged to form the Niño indices and are shown in Fig. 1 . Monthly means from 1981 to 2010 are subtracted from the raw SST data to form departures from average.
As an initial step, a Principal Component Analysis (PCA) was used to examine the leading patterns and temporal variations of tropical Pacific SST variability. PCA has the advantage of isolating independent, co-varying patterns across a large spatial domain, whereas a single boxed region cannot distinguish between multiple largescale patterns of variability. Prior to the eigenanalysis of the covariance matrix, the SST anomalies were areaweighted by the square root of the cosine of latitude. The covariance matrix was selected to diagnose the primary patterns of co-variability in the basin-wide SSTs, rather than the patterns of normalized covariance (or correlation matrix), which is useful for prediction tools, such as CCA (Barnston and Ropelewski 1992) The red box in the top panel shows the location of the Niño-3 region in the eastern Pacific (5°S-5°N, 150°W-90°W), the blue box indicates the Niño-4 region in the west-central Pacific (5°S to 5°N, 150°W to 160°E), and the black box shows the Niño-3.4 region, which overlaps both Niño-3 and Niño-4 (5°S-5°N, 170°W-120°W). Color shading denotes SST anomalies that are 95 % significant based on a two tailed Student's t test. The thick black contour interval is 0°C, while remaining intervals are drawn every 0.25°C for above-average SSTs (solid contour) and belowaverage SSTs (dash-dot contour)
eigenvectors or Empirical Orthogonal Functions (EOFs). The SST anomaly patterns are also displayed in degrees Celsius and were calculated by regressing the SST anomalies onto the standardized PC time series. The PCA was performed on all three SST datasets, and even though the SST regression maps are only displayed for HadISST1 (Fig. 2) , the SST patterns remain qualitatively similar in ERSST.v3b and OISST.v2. The corresponding PC time series are displayed for all three SST datasets in Fig. 3 .
Significance of the PCs was evaluated using the North et al. (1982) criterion for identifying well-separated climate patterns. However, the ordering of the PCs, by variance explained, is sensitive to the selected monthly mean climatology or ''base period.'' Using the full base period results in PC-2 and PC-3 swapping positions, but each time series retains roughly the same trend. Ultimately the 1981-2010 base period was selected and used to form anomalies for three reasons: (1) due to higher quality observations in the post-satellite era and TAO moorings, (2) for consistency in the anomaly calculation among all the SST datasets (OISST.v2 data begins in 1982), and (3) the World Meteorological Organization (WMO) recommendation for 30-year base periods to be updated every 10 years. The ordering of the PCA is also slightly sensitive to the spatial domain considered (herein, the domain from 30°S to 30°N, 130°E-70°W is used), though we note that all four leading tropical Pacific SST patterns identified in this study also appear in a PCA of global SST anomalies.
The linear trends were tested against the null hypothesis of zero linear trend using a Monte Carlo procedure where samples of the same length were drawn randomly with replacement from the full 61-year record (bootstrapping). The significance of the linear trend maps were evaluated using a two-tailed Student's t test. patterns are not shown here but are qualitatively similar. The percent of the monthly variance explained by each pattern is indicated in Fig. 2 and is also plotted in Fig. 4 (top panel), which uses the North et al. (1982) criterion for assessing significance. While the PCs are described below, it is important to recognize that all of the tropical Pacific PCs presented herein do not necessarily reflect true physical modes of the climate system. For this reason, the SST regression maps are referred to as ''patterns'' in this study, and their interpretation and legitimacy as separate physical climate modes is not ensured unless corroborated by other variables and methods of analysis.
Results

Leading tropical Pacific SST patterns
The first leading pattern, which explains 43 % of SST variability, clearly depicts the canonical ENSO pattern (e.g., Rasmusson and Carpenter 1982) , with a broad region of same-sign SST anomalies extending off the coast of South America and then tapering off just west of the International Date Line. The PC-1 time series has a positive linear trend and is well correlated (r = 0.94) with the Niño-3.4 SST index.
A second leading SST pattern (12 % of variance explained) also shares features reminiscent of the first pattern, but same-sign SSTs are more restricted to the equator (5°N-5°S), with a more expansive region of opposite-sign SSTs in the surrounding tropical and subtropical oceans. A smoother version of this pattern is also apparent in ERSST.v3b (also *12 % of variance explained) and was featured recently in Zhang et al. (2010) who examined a longer time series from 1870-2006 and identified it as a ''cooling mode,'' acknowledging the pronounced negative trend in the second PC (Fig. 3) . However, by either halving the period of record in the datasets or by examining the shorter-record OISST.v2 data (1982 OISST.v2 data ( -2010 , this ''cooling mode'' disappears and the subsequent leading patterns are promoted (PC-3 becomes PC-2 and so on). Additionally, by removing linear SST trends in the 61-year datasets prior to the PCA, the second leading pattern vanishes, which indicates that its existence is solely dependent on long-term linear trends in the equatorial Pacific. In contrast, the other patterns shown in Fig. 2 remain robust even with the prior removal of linear SST trends. In the concluding section of this paper (Sect. 4), it is further discussed that the lack of stability in PC-2 in combination with other confounding qualities of the PCA seriously cast doubt on the legitimacy of PC-2 as a true mode of SST variability. Ashok et al. (2007) referred to the third leading SST pattern in Fig. 2 (8 % of variance explained) as El Niño or La Niña ''Modoki,'' who uncovered it as the second EOF using HadISST from 1979 to 2004. Recall that by using a shorter record or by de-trending the dataset, this third leading pattern is elevated to the second leading pattern. ENSO Modoki is characterized by an east-west dipole encompassing the equatorial Pacific. The westernmost central Pacific SST anomaly broadly extends northeastwards into the Northern Hemisphere subtropics (to *30°N). This third SST pattern is also reminiscent of the so-called Pacific Meridional Mode, which may precede ENSO events (Vimont et al. 2003; Chang et al. 2007; Zhang et al. 2009 ). The PC-3 monthly time series reveals no discernible linear trend in contrast to PC-1 and PC-2 (Fig. 3) .
The fourth leading SST pattern only describes 4-5 % of the variability, but it is shown here because of the consistency in the spatial pattern among several datasets, and also because of the intriguing decadal variation that is evident in its associated PC (Fig. 3) . Like ENSO Modoki, this fourth pattern is also associated with SST anomalies in the central Pacific (Fig. 2 ). An opposite signed SST anomaly is evident in the far eastern Pacific, but it is located off the equator in the Southern Hemisphere subtropics. While this fourth pattern does not describe a significant percentage of month-to-month variability, it may describe a significant portion of decadal ENSO fluctuations, though this is not analyzed. There are two transitions in the time series: (1) from a more positive state to a negative state occurs in the late 1970s, and (2) from a predominantly negative state to a positive state in the late 1990s. These transitions appear to coincide with inflection points in the Pacific Decadal Oscillation index, the leading SST pattern in the North Pacific (e.g., Alexander 2010).
The overlap of the error bars in Fig. 4 (top panel) indicates the PC-2 (''cooling mode'') is not well separated from PC-3 (''Modoki'') and PC-4 (''decadal''). However, because detrending the SST dataset prior to PCA results in the disappearance of PC-2, the result of using the detrended SST dataset is three leading patterns that are indistinguishable from Fig. 2 (canonical, Modoki, and decadal) and are significantly distinct from each other (i.e., error bars in Fig. 4 -top do not overlap). (°C over 1950-2010) . Thin boxes are based on ERSST.v3b and thick boxes are based on HadISST1. The OISST.v2 data is not represented here because of the shorter record length, but during the overlapping period, the leading PCs in OISST.v2 are all highly correlated (in excess of r = 0.85) with their counterparts in HadISST and ERSST.v3b. The bottom and top edges of the box represent the 95 % level of significance based on the likely range of observed trends as indicated by randomizing all months in the observed index. As is evident in Fig. 3, PC-1 , or the canonical ENSO time series, has a positive trend that ranges from *0.2°C to 0.5°C over the 61-year period. In contrast, PC-2 (''cooling mode'') has a negative trend that ranges from *0.4°C to 0.5°C. Notably PC-3, or ENSO Modoki, has small (0.1°C to near 0°C) and opposite signed trends depending on the dataset examined. Finally, PC-4, which includes significant decadal variation, is nearly indistinguishable from zero. Figure 4 (bottom panel) is constructed as the ratio of the linear trend of the summed PCs with the previous PCs removed and the ''total trend'' (the linear trend based on the sum of all possible PCs). So, after PC-1 and PC-2 are removed, the percent of the total trend explained is near zero (Fig. 4, bottom panel) . Hence, the linear trends are almost entirely confined to the two leading patterns of tropical Pacific SST variability.
Linear trends in the tropical
While the focus so far has been on the leading SST patterns of variability, the right panel of Fig. 5 also examines the linear trends in three of the Niño indices (SST regions in Fig. 1 ). Also shown is the zonal SST gradient, or the difference between Niño-4 and Niño-3, which includes two indices that are often invoked in studies involving Central Pacific or Modoki events (Yeh et al. 2009; Kim et al. 2009; Lee and McPhaden 2010) and is an alternative index for an east-west SST dipole pattern. The monthly Niño-4 minus Niño-3 time series is correlated to the monthly PC-3 at r = 0.6 (HadISST1) to 0.7 (ERSST.v3b and OISST.v2) implying this difference significantly captures temporal variations associated with the third leading SST pattern. Both the Niño-3 and Niño-4 indices have significant, positive trends, which range from *0.1°C to 0.8°C in Niño-3 and *0.3°C to 0.7°C in Niño-4. However, the index of the difference in Niño-4 and Niño-3 indicates trend in the zonal gradient is not statistically significant from zero. Finally, it appears that Niño-3.4 has a significant positive trend, but the 95 % confidence range is between near zero to *0.7°C.
Linear trends in the zonal SST gradient
So far, it is evident that ENSO Modoki, as represented by PC-3 or the Niño-4 minus Niño-3 index, does not have a consistent, significant linear trend during all months from 1950 to 2010. However, is it possible that there is a trend in the covariability between Niño-4 and Niño-3? Figure 6 shows an 11-year sliding window of correlation (left panel) and least squares regression between Niño-4 and Niño-3 (right panel) for HadISST1 (thick lines) and ERSST.v3b (thin lines). While the correlation and regression indicate decadal shifts in the strength of the relationship between Niño-3 and Niño-4 (i.e., negative trends indicate periods of decreasing covariability between Nino-3 and Nino-4), there is no clear long-term trend in the relationship between the two Niño regions.
Because many of the previous studies focus on linear trends in ENSO Modoki during certain seasons, the Niño-4 and Niño-3 difference index is examined for trends as a function of three-month overlapping seasons, which is displayed in Fig. 7 (black shading shows ERRST.v3b and un-shaded shows HadISST1). Bars in excess of the lower (upper) most whisker are greater than 90 % (95 %) significant based on 10,000 randomized samples with the same degrees of freedom as the observed sample. Based on (Fig. 7) .
However, some interesting features are found in Fig. 8 using a similar approach, which isolates El Niño (red shading; seasonal Niño-3.4 index value equal to or greater than 0.5°C) and La Niña (blue shading; seasonal Niño-3.4 index value equal to or less than -0.5°C). Each sample contains anywhere between 9-20 El Niño or La Niña events depending on the season. Un-shaded bars represent the remaining seasons, or ENSO-neutral events. Linear trends are calculated using just the sample, so contain no temporal information that indicates changes to the frequency of occurrence. The slope is multiplied by the number of events within the 61-year record, so the resulting units are in°C and can be interpreted as the change in the strength of ENSO or ENSO-neutral events over the 1950-2010 period. Positive values indicate that the SST trend is more positive in the westernmost Niño-4 region than in the eastern Niño-3 region. Negative values signify a more positive trend in Niño-3 relative to Niño-4. Over both datasets, during March-May (MAM), there appears to be negative trend in Bars that exceed the lower whisker are greater than 90 % significant, and bars that exceed the top whisker are greater than 95 % significant using a Monte Carlo test. The ordinate shows twelve overlapping 3-month seasons the zonal gradient during El Niño and La Niña near the 90 % level of significance. During ENSO-neutral events this trend is not significant and is of the opposite sign. During July-September (JAS), there is a positive trend in the zonal gradient during El Niño just shy of the 95 % level of significance. The trends during La Niña and ENSOneutral events are insignificant and near zero. While not significance tested here, trends in both SST datasets exhibit a wave-one appearance about the x-axis (Fig. 8) that implies a distinct seasonality in the temporal evolution of the zonal gradient for El Niño and La Niña, although many individual seasons are insignificant in isolation.
Using the significant zonal gradients in Fig. 8 as a guide for isolating seasons, Fig. 9 shows the linear SST trends across the tropical Pacific for the MAM season (left panels) and the JAS season (right panels). The top row shows the trends based on all 61-year years, the second row shows trends based on just ENSO-neutral events, and the third and bottom rows show the trends for La Niña and El Niño, respectively. Shading denotes SSTs with linear trends larger than ±0.25C and are 95 % significant via a two-tailed Student's t test. While not shown here, smoother patterns of the same trends were also reproduced in ERSST.v3b. Across both seasons, nearly all of the significant trends in the tropical Pacific Ocean are positive. During MAM, for both El Niño and La Niña, positive SST trends are greatest in the eastern Pacific Ocean, particularly in the region immediately south of the equator (Fig. 9, left  panels) . However, these eastern Pacific SST trends are only significant during La Niña, so despite that the zonal SST gradient (Niño-4 minus Niño-3) is marginally significant for El Niño (Fig. 8) , the positive trend in the eastern Pacific does not reach the 95 % threshold (achieves significance at p \ 0.20).
During JAS El Niño events, a significant zonal SST gradient is linked to positive SST trends in the western equatorial Pacific (Fig. 9, right panels) . Interestingly, a large region of negative SST trends is apparent in the equatorial eastern Pacific, but it does not reach the 95 % level of significance due to high SST variability in the
ERSST.v3b HadISST1
Niño-4 trends are more positive than in Niño-3 Niño-3 trends are more positive than in Niño-4 Fig. 8 Top panel using ERSST.v3b monthly data, the linear trends in seasonally averaged values of the Niño-4 minus Niño-3 SST index during El Niño (red), La Niña (blue), and ENSO-neutral events (white). Bottom panel same as top panel except for HadISST1 monthly data. The trends are calculated based on all available ENSO events in the 1950-2010 record with no gaps for intervening years. Bars that exceed the lower whisker are greater than 90 % significant, and bars that exceed the top whisker are greater than 95 % significant using a Monte Carlo test region over the small number of El Niño events. In contrast, during JAS La Niña events, positive SST trends are strongest in the eastern tropical Pacific, south of the equator, and are accompanied by weaker positive trends that stretch across nearly all longitudes from *5°S to 15°S. This is consistent with the finding that the zonal SST gradient on the equator is near zero during JAS La Niña events (Fig. 8) . Figure 10 shows the same trends, but for the Northern Hemisphere winter (November-February), which does not have a significant zonal SST gradient in Fig. 8 . However, it is shown here because the peak ENSO amplitude occurs during these months and because previous literature has suggested a potential change in the ENSO Modoki trend. the equator (*5°S to 15°S). On the equator, SST trends are weakly negative but insignificant. During El Niño, positive SST trends are relatively small where they are significant.
Summary and future work
In contrast to previous studies, multiple SST datasets over a long record indicate that ENSO Modoki has an insignificant trend across all months and seasons, while the two leading patterns of Pacific SST variability contain nearly all linear trends. However, when ENSO events are isolated, marginally significant trends are evident in the zonal gradient of SSTs (Niño-4 minus Niño-3) across the tropical Pacific during the Northern Hemisphere spring and late summer/early fall. The significant linear trends in the zonal SST gradient do not correspond well with the ENSO Modoki dipole pattern, but largely arise from significant (p \ 0.05) positive trends partially projecting onto either the eastern Pacific anomalies (during MAM La Niña events) or the western Pacific anomalies (during JAS El Niño events). The wintertime (November-February) season is not associated with significant trends in the zonal SST gradient. While ENSO represents a coupled mode of atmosphereocean variability, it is reasonable to presume that significant positive SST trends across much of the equatorial Pacific will impact ENSO categorizations based on SSTs, even if it isn't clear how the aggregate characteristics of the ENSO phenomenon will be affected by these trends (DiNezio et al. 2009; Collins et al. 2010; Stevenson et al. 2011) . The NOAA Climate Prediction Center (CPC) primarily uses ERSST.v3b values of the Niño-3.4 index to categorize El Niño and La Niña events. The Niño-3.4 index seems to have weaker positive trend (0.2°C-0.7°C) over the 61-year record relative to Niño-3 and Niño-4, but this positive trend still needs to be considered given that ENSO events are defined categorically based on the departure from normal (±0.5°C). A non-stationary time series means a shift in the climatological base period (e.g., 30-year WMO climate normal) will likely influence the historical categorization of ENSO events. Other strategies will likely need to be employed in monitoring ENSO variability, such as removing the SST trend or using indices based on other ENSO-related variables with insignificant trends.
It is also clear that the Principal Component Analysis (PCA) is sensitive to the presence and amplitude of linear trends. In addition to the fact that the PC-2 ''cooling mode'' does not exist without observed linear trends, it is possible that the split into opposite signed trends 5) , for the leading two patterns (PC-1 and PC-2), is a mathematical artifact of how PCA decomposes observed linear trends across the Pacific basin into orthogonal components. As a test, a single synthetic de-trended time series was summed to time series of observed basin linear trends and then eigen analysis was performed. The result is two PCs that collectively explain 100 % of the variance and have opposite signed linear trends (not shown). While these PCs are orthogonal (their inner product is zero), when de-trended the PCs become perfectly correlated. Therefore, it is possible that the observed linear trends cause the PCA to decompose Pacific SSTs into two separate, opposite signed PCs that largely reflect the same canonical ENSO variability. This notion is supported by the striking similarity (r = 0.7) between the first and second SST regression patterns for the domain shown Fig. 2 . Also, the observed correlation between PC-1 and PC-2 is 0.4 (HadISST1) and 0.5 (ERSST.v3b) after the PC time series are both detrended suggesting their variability is La Niña
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November-February Fig. 10 As in Fig. 9 , but based on linear trends in NovemberFebruary averaged sea surface temperatures intertwined. Whether there is evidence to support that PC-2 could be an independent physical mode or is merely the result of the orthogonality of PCs is worthy of further investigation.
Lingering questions also remain regarding the third pattern, ENSO Modoki, and whether it is a distinct physical mode separate from canonical ENSO variability or whether it represents non-linear aspects of ENSO. The analyses presented so far do not resolve this debate and, in fact, cast doubt on the usefulness of PCA to provide a physical description of the observed SST trends. Figure 11 shows the count of seasons when zonal SST gradient (Niño-4 minus Niño-3) exceeds one standard deviation (calculated for each season), and it is clear that the dipole is most common during the Northern Hemisphere spring and summer, in contrast to the frequency of the canonical ENSO pattern (Niño-3.4), which peaks during the Northern Hemisphere winter. Although not shown here, PC-3 also appears to peak during the spring and summer. Therefore, the linear trends in ENSO Modoki are most significant in seasons when the ENSO Modoki pattern is most frequent, which also coincides with the time of year when ENSO is often in a state of transition (developing or decaying). So, it may also be worth further investigating whether ENSO Modoki reflects not only asymmetries in the spatial distribution of SSTs (e.g., Hoerling et al. 1997) , but that the dipole also reflects the natural phase progression of ENSO through the seasonal cycle. It has also been noted that PC-3 appears to be in spatial quadrature with PC-1 and therefore a Complex EOF analysis is needed to elucidate whether the PC-3/Modoki pattern may simply reflect the evolving ENSO pattern (personal communication, David Enfield).
Regardless, even if not directly linked with variations in Modoki, the documented SST trends in the western or eastern Pacific imply that the progression of El Niño and La Niña events may be altered. For example, trends toward more positive SSTs in the eastern Pacific during springtime La Niña events (Figs. 8, 9 ) could portend a faster decay in the eastern Pacific relative to the central Pacific. Other variables (convection, zonal winds, ocean heat fluxes, etc.) should be examined to see if the entire coupled system is undergoing a structural adjustment during these transition seasons.
Finally, it may be worth investigating the robustness and potential origin of these equatorial Pacific SST trends by assessing their reproducibility in coupled model simulations. Is the spatial pattern of the positive SST trends apparent in the latest CMIP runs, and, if so, can their relationship to natural and anthropogenic forcings be diagnosed? Also, do these models reproduce the observed SST trends associated with the leading patterns of tropical Pacific SSTs? Casting doubt on the utility of this investigation, Shin and Sardeshmukh (2011) have shown that coupled model simulations inadequately capture the pattern of linear trends over the tropical Pacific basin. Previous work on related questions has also been limited given that many studies indicate coupled models have errors in resolving the structure, amplitude (e.g., Yu and Kim 2010; Collins et al. 2010) , and frequency (e.g., Newman et al. 2009; Guilyardi et al. 2009 ) of ENSO.
